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ABSTRACT 
Cultures of filamentous fungi, Aspergillus niger and Penicillium spp, developed for bio leaching 
of subbituminous coal in modified Czepek Dox medium with low sucrose. The changes in the 
mineral matter composition of the coal sample were evaluated using Scanning Electron 
Microscopy (SEM) with Energy Dispersive Spectrograph (EDS). The coal sample leached with 
A. niger decreased the ash content from 12.87 wt% to 0.55 wt% by mainly removing Al and Si 
containing minerals. Leaching with Penicillium sp. decreased the ash content to 3.05 wt% and 
with mixed culture, ash content was reduced to 1.21 wt%. Calorific value of the coal samples 
showed an increase of 27% following A. niger leaching. The High Performance Liquid 
Chromatography (HPLC) analysis revealed the production of various low molecular weight 
organic acids mainly acetic acid, citric acid and gluconic acid during bioleaching which leads to 
lowering of pH of the media and hence removal of silicate and aluminum minerals.   
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INTRODUCTION 
Globally demand for energy will continue to 
increase in the future primarily due to the 
economic growth and industrialization of the 
developing nations. Fossil fuels will account for 
most of this energy demand. Coal amounts 25% 
of all kinds of energy in the world, while it is ~ 
50% in the developing countries. Seventy 
percent of India’s coal production is used for 
power generation. In the present times, it has 
become truly important that the natural resources 
are utilized most efficiently without polluting the 
environment. Fossil fuels constitute an important 
fraction of natural resources. Coal is the most 
important non-renewable energy source of fossil 
origin. Mineral matter and sulphur in coal place 
huge limitations on its use. Concerns over the 
effects of excessive burning of coal worldwide 
on the climate are calling for a reduction in its 
usage. Conventional methods, to remove the 
mineral matters, like precipitation, filtration ion 
exchange, adsorption or electrochemical treat-
ment are ineffective when the concentration is 
very low in nature and the by-products of any of 
these processes turn out to be another set of 
environmental pollutants. Volesky summarized 
the advantages and disadvantages of those 
conventional metal removal technologies.1,2  

Application of microbes in processes that remove 
complex molecules or metals is most effective 
and environmental friendly method.3-6  

AIMS AND OBJECTIVES 
To study the ability of fungal strains like A. 
niger and Penicillium sp. on the bio leaching 
of minerals from coal. Change in surface 
morphology, functional groups and calorific 
value is investigated. The possible mechanism 
of demineralization with organic acid secreted 
by fungi is also discussed. 

MATERIAL AND METHODS 
Coal sample 
An Indian sub bituminous coal, Godavari Coal 
(GX) was used in this study.  Characteristics, 
composition and energy content of the coal 
samples carried out by proximate and ultimate 
analysis.  The calorific value of the sample was 
determined using an IKA C5000 calorimeter. 
Bio solubilization 
The sub bituminous coal sample (GX) was 
crushed into small pieces approximately of 1 to 
1.5 cms. Later 10 gm each of the crushed 
samples was added in 200 ml modified Czepek 
Dox medium with low sucrose (1%). A. niger 
(GA) and Penicillium sp. (GP) were inoculated  
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individually and in combination (GM) of both 
cultures. Inoculums of the cultures were 
prepared in potato dextrose medium. Mycelial 
biomass along with the spores were washed 
using a buffer to eliminate the medium 
completely and inoculated to the modified 
Czepek Dox medium containing coal particles 
in triplicate and incubated for 10 days at room 
temperature under stationary condition. The 
cultures, both individual and mixed were further 
acclimatized with the same amount of coal for 
the same time duration. Further, the 
acclimatized cultures were tested for their 
efficiency by inoculating them with the same 
amount of coal and the same incubation time. 
Culture filtrate, 1 ml each was drawn from the 
cultures at regular intervals for 10 days to check 
the pH and other components.  After 10 days of 
incubation the cultures were decanted to obtain 
the residual coal particles. Decant was further 
centrifuged and separated in to culture and 
filtrate and subjected to various analysis as 
regular samples. The residual coal samples were 
thoroughly washed with deionised water, dried, 
powdered and subjected to SEM-EDS and 
proximate analysis. The culture filtrates were 
placed on nutrient and potato dextrose agar 
plates to establish their purity and viability and 
thereby confirm that leaching process was 
biological and does not lead to the death of the 
organisms.  
Analysis of minerals in coal and identification 
of organic acids produced   
The observation and quantification of minerals in 
virgin and bio-leached coals were carried out 
using a Scanning Electron Microscope with an 
Energy Dispersive X-ray spectrum analyser 
(SEM-EDS) JEOL model JSM-6390 LV. Each 
of the samples were mounted on the disc and 
coated with gold. The Energy Dispersive 
Spectrum (EDS) was obtained by JEOL model 
JED-2300 ED spectrometer. The organic acids 
produced by A. niger and Penicillium sp. was 
determined by High Performance Liquid 
Chromatography (HPLC) with UV detector at 
210 nm for the organic acids. An agilent 
technologies 1200 series high performance liquid 
chromatography with C18 column was used. 

RESULTS AND DISCUSSION 
Culture characteristics 
Morphological analysis of the cultures, A. 
niger and Penicillium sp. did not exhibit any 
change in their morphology and other 
characteristics. The pH of the culture filtrates 
showed a significant variation than the control 
from an initial pH of 5.6 to final pH of 4.5. 
The pH progressively increased (5.6-8.34) 
during bioleaching due to mineral solubili-
zation (especially ash) and reached optimum 
level after 10 days. After one day of 
solubilization, a general trend of decrease in 
pH was observed. Such an effect can be 
justified that increase in pH results in the 
ability of metabolite to dissolve alumina or 
other minerals. After 5th day of leaching, no 
complexation reaction occurred between 
alumina, silicates and calcite in the coal matrix 
and organic acids generated by the fungi. 
Protons of organic acid produced as a result of 
acidolysis were free to cause systematic 
decrease in pH after 5 days in culture of A. 
niger and Penicillium sp.  HPLC analysis of 
the culture filtrates revealed that Penicillium 
sp. produced oxalic acid rather than citric acid. 
Thus it can be proposed that reduced glucose 
flux through glycolysis causes a shift from 
citrate to oxalate accumulation. 7-10  
Minerals in subbituminous coal 
The SEM/EDS analysis was carried out on the 
virgin and bio solubilized products to study the 
change in mineral content and surface 
morphology and is shown in Fig. 1 to Fig. 4. 
SEM/EDS profile of the virgin coal (GX) is 
depicted in Fig. 1. It has a bulk microstructure 
which is composed of a homogeneously 
distributed network of small crystallites 
showing the presence of minerals. In the 
matrix, luminous as well as non luminous 
features could be seen. These features indicate 
the presence of minerals distributed in the 
organic matrix. Many fissures, cleats, cracks 
and veins were also observed. The bright 
luminosity is due to the presence of 
aluminium, potassium and sodium. The dark 
luminosity was mainly due to the presence of 
chalcophiles.11-14 Etiched pits, layers, some 
islands and hills and valleys could also be seen 
randomly distributed through the micrograph.  
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These might have resulted from the 
calcinations of dolomite and calcites or their 
assemblages due to thermal shock during 
metamorphism. It has been inferred that the 
coal under study contains large proportions of 
silica, calcium carbonates and dolomite, as 
well as some proportions of elements such as 
aluminium and sulphur. The elemental 

composition as quantified by EDS was 
estimated as follows : Si-0.76, Al-0.66 and Ca-
traces. Except for carbon, oxygen, nitrogen, 
traces of sulphur and calcium, Si and Al are 
the major elements in the virgin subbituminous 
coal. The bright particles observed on the 
micrograph were identified as bassanite and 
kaolinite by EDS spot analysis. 

 
Fig. 1 : Observation and identification of minerals in virgin coal sample (GX) by 

SEM-EDS  

SEM/EDS profile of the coal sample leached 
using A. niger (Fig. 2) revealed that the leachant 
caused changes in the morphology of coal. It is 
evident that many inorganic elements had 
enormously modified on the surface by leaching. 
The elements, Si, Al, Ca and S were found 
completely eliminated after leaching. With the 
exception of carbon, nitrogen and oxygen no 

other minerals were present in the sample. The 
micrograph shows that the particle size reduced 
less than 5µm in size. The ash analysis shows 
that the ash content reduced by a remarkable 
98%. This drastic reduction in ash content 
occurred during first time single stage leaching. 
This was due to mineral leaching by a variety of 
organic acids produced by the fungus A. niger. 

 
Fig. 2 :  Observation and identification of minerals in Aspergillus niger leached  

coal (GA) by SEM-EDS  
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SEM-EDS analysis of demineralized coal sample 
with Penicillium sp. (GP) is shown in Fig. 3. 
Particles of kaolinite and bassanite were 
extensively removed. However, a lot of particles 
were still remaining. Estimate of the elemental 
composition (Si = 0.30, Al=0.13, Ca= nil) by 

EDS revealed partial removal of aluminium and 
silicates. The SEM image shows size reduction 
of the particle in the surface along with cracks. It 
confirms that Penicillium sp. was not as effective 
in removing minerals from coal compared to A. 
niger. 

 
Fig. 3 :  Observation and identification of minerals in Penicillium sp.  

 leached coal (GP) by SEM-EDS 

The SEM image of the residual coal sample 
leached with mixed culture (GM) is shown in 
Fig. 4. The micrograph revealed that leaching 
has caused significant change to the surface by 

removing inorganic elements. The particle size 
had decreased to less than 5µm.The EDS anal-
ysis confirmed the absence of Si and Al minerals. 
Small amount of sulphur (0.2%) was detected.  

 
Fig. 4 : Observation and identification of minerals in mixed culture 

 leached coal (GM) by SEM-EDS 

Characterization of organic acids in culture 
filtrates by HPLC  
The organic acids produced by A.  niger and 
Penicillium sp. strains were determined by High 
Performance   Liquid   Chromatography (HPLC).  

Citric acid, oxalic acid and gluconic acid were 
mainly produced along with a variety of organic 
acid by the fungus A. niger using glucose as 
energy source. 8,10 Decrease in pH of media was 
observed due to the organic acid production via 
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incomplete oxidation of glucose by fungi. Unlike 
citric acid production where glucose was taken 
up by the organism, converted to citric acid and 
exported, gluconic acid was produced 
extracellularly. Glucose in the medium is 
oxidized in a two step reaction to gluconic acid 
through the action of glucose oxidase : 
Glucose + 1/2O2       →     gluconic acid 
Effect of oxalic acid and citric acid leaching 
on demineralization 
The efficiency of citric acid and oxalic acid in the 
demineralization of aluminium was reported by 
many authors earlier.14-18 Citric acid is a 
tricarboxylic acid and contains three carboxylic 
groups and one hydroxyl group as possible donor 
of protons (H+) at 25oC. When alumna cation 
(Al3+) present in the coal and citric acid is fully 
dissociated in aqueous solution, a complexation 
reaction may take place: 
C6H8O7 → (C6H5O7)3- + 3H+ 
(C6H5O7)3- + Al3+ → Al (C6H5O7) 
(Aluminium citrate complex) 
Similarly oxalic acid contains two carboxylic 
groups at 25oC. So the possible complexes of 
alumna cation with oxalate ions are: 
C2H2O4→ (C2HO4)1- + H+ (pKa1= 1.20) 
3 (C2HO4)1- + Al3+→ Al (C2HO4)3 
(Aluminium oxalate) 
C2H2O4→ (C2O4)2- +2 H+ (pKa1= 4.2) 
3 (C2O4)2- + 2Al3+→ Al2(C2O4)3 
(Aluminium citrate complex) 
C2H2O4 → (C2O4)2- + 2H+ 
(C2O4)2- + Ca2+→ CaC2O4 
(Calcium oxalate) 

Effect of gluconic acid on demineralization 
Silicate solubilization may involve a 
combination of proton attack and complexation 
reaction by organic acids produced by fungi. 
They attributed that the high production of 
gluconic acid by the fungi was due to their 
silicate solubilizing ability. Organic acids may 
affect mineral weathering rates by at least 3 
mechanisms by changing the dissolution rate 
from equilibrium through decreasing solution 
pH or through forming complexes with cations 
of the mineral surfaces or by affecting the 
saturation state of the solution with respect to 
the minerals. Gluconic acid can cause 
substantial reduction of calcium minerals with 
the possible formation of calcium gluconate. 
Characterization of the demineralized coal 
Proximate and ultimate anlysis of the  
subbituminous coal (GX) after demineraliza-
tion with different fungal leachants is carried 
out and presented (Fig. 5 and Fig. 6). From 
the proximate analysis it is evident that, 
maximum removal of ash has taken place 
with A. niger leaching (95.7%) followed by 
mixed culture leaching (90.6%) mainly by 
removing Al and Si minerals from coal. This 
result supports the findings of EDS analysis. 
Leaching with A. niger  (GA) showed an 
increase of calorific value of subbituminous 
coal by 26.6 %. Where as leaching with 
Penicillium sp.  (GP) and mixed culture of  
A. niger and Penicillium sp. (GM) increased 
the calorific value by 23.7 and 27% 
respectively. 

 
Fig. 5 : Effect of bioleaching  
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Fig. 6 : Ultimate analysis of coal after bio-demineralization 

When the raw sample (GX)  treated with A.niger 
(GA) alone, elements such as elemental Carbon 
(C-60% to 72%) and Nitrogen (N-1.47%-2.98%)  
increased but  Oxygen (O) content decreased 
from 31.11 wt% to 21.50 wt%. With mixed 
culture (GM) leaching, C, H and N content found 
to be increased accompanied by a reduction of 
oxygen content from 31.1 wt% to 20.27 wt%. 
Fixed carbon content is increased while the 
percentage of Volatile Matter (VM) decreased 
with bioleaching. The content of moisture 
remains more or less during the leaching. From 
this result, it is concluded that bioleaching could 
modify the elemental composition and hence the 
structure of coal. 

CONCLUSION 
Mineral content in the coal samples was totally 
removed by Aspergillus niger and mixed cultures 
of A. niger and Penicillium sp. leaching with the 
formation of the respective mineral salts. HPLC 
analysis confirms the secretion of oxalic acid, 
gluconic acid and citric acid. The ash content 
decreased by 98.5% with the A. niger leaching 
and 90% with mixed culture leaching.  SEM-
EDS analysis confirmed removal of silicates, 
aluminates, sulphur and calcites from the sample.  
The calorific value of the leached product 
showed an increase of 26.60% and 27% with 
mixed culture and A. niger leaching respectively. 
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The birds and bees and the flowers and trees 
are for everyone to see, but not to seize. 

I Good Environment is good health 

 


